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Introduction

Ischemic heart injury is caused by cardiac vascular stenosis 
or the blockage of the myocardial tissue ischemia hypoxia 

injury. It has the characteristics of high morbidity and 

mortality. Nearly 17.8 million people die each year from 

the disease (1). Myocardial infarction (MI) is the leading 
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cause of death (1). The loss of cardiac muscle cells is 
an irreversible change that leads to permanent cardiac 
dysfunction. Apoptosis is a type of programmed cell death 
characterized by caspase activation (2). Studies have shown 
that the activation of the apoptotic signaling pathway plays 
an important role in cardiac injury (3). After myocardial 
cell apoptosis due to ischemia and hypoxia injury, the dead 
myocardial cells are replaced by fibroblasts, which eventually 
leads to cardiac remodeling, ventricular dysfunction, and 
even the death of patients (3). Thus, research needs to be 
conducted to establish treatment directions for protecting 
cardiac myocytes, reducing apoptosis, and improving the 
vitality of cardiac myocytes (4).

When the blood vessels supplying the heart narrow 
or infarct, cardiomyocytes produce large amounts of free 
radicals due to insufficient oxygen and nutrients (5). These 
free radicals can oxidize and damage the proteins, lipids, and 
deoxyribonucleic acid inside cells (6,7). This process is referred 
to as oxidative stress. However, when the level of oxidative stress 
exceeds the scavenging capacity of superoxide dismutase (SOD) 
and glutathione (GSH) peroxidase, and reduces GSH in vivo,  
cardiomyocytes are damaged by free radicals and undergo 
apoptosis (8). Oxidative stress can aggravate myocardial 
damage, and reactive oxygen species (ROS) accumulation in 
myocardial cells leads to mitochondrial dysfunction, which in 
turn leads to myocardial apoptosis (9).

Nuclear factor erythroid 2-related factor 2 (NRF-2)  
is a redox-sensitive intracellular transcription factor 
that regulates oxidative stress levels and cardiomyocyte 
homeostasis (10). NRF-2 has been shown to play an 
important regulatory role in a variety of diseases, such as 
ischemic heart disease, heart failure, MI, atrial fibrillation, 
and myocarditis. The nucleus activated NRF-2 could induce 
the expression of many antioxidant enzymes, like catalase, 
superoxide dismutase (SOD) and glutathione (GSH). Over 
one million radicals could be wiped out by these enzymes 
in one second. Heme oxygenase 1 (HO-1) is also a key 
downstream gene of NRF-2 transcription. Phosphorylated 
NRF-2 could trigger the production of HO-1. NRF-2 and 
HO-1 could reduce lipid and protein oxidation. HO-1 has 
anti-oxidant, anti-apoptotic, and anti-inflammatory properties, 
which can enhance the ability of cells to adapt to oxidative 
stress. Evidence confirms that the NRF/HO-1 axis inhibits the 
inflammatory reaction and myocardial cell apoptosis (11). 

3'-daidzein sodium sulfonate (DSS) is a chemically 
modified daidzein. Daidzein is one of the active components 
of Pueraria root. As a new water-soluble compound, 
DSS has been shown to reduce brain edema, improve 

mitochondrial function, and inhibit the expression of 
inflammatory factors in brain tissue and nerve cell apoptosis. 
DSS could protect the blood-brain barrier and reduce its 
permeability. DSS can repair cerebral ischemia-reperfusion 
injury (12). There is no study clarify the potential roles of 
DSS in myocardial tissues. Its role in MI is still unknown. 
Thus, we conducted in vitro and in vivo experiments to 
clarify the treatment role and mechanism of DSS on MI. 
We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/jtd-21-1909).

Methods

Rat MI model establishment

Experiments were performed under a project license (No. 
LLSC-2020090802) granted by Ethics Committee of The 
First Affiliated Hospital of Gannan Medical University, in 
compliance with institutional guidelines for the care and 
use of animals. We chose female rats, because they are 
more docile. Forty-eight Wistar rats (female, 250±25 g,  
10 weeks) were obtained from the animal center. The rats 
were housed in cages (4 per cage), kept under a 12-h day/
night cycle, and had free access to food and water. The rats 
were divided into the Sham, MI, MI + DSS-Low (L, 1 mg/kg),  
and MI + DSS-High (H, 2 mg/kg) groups (12 rats/per 
group). MI was induced by the ligation of the left anterior 
descending coronary artery as previously reported (13).  
An electrocardiograph was conducted immediately after 
modeling. When specific ST segment elevation was 
observed in electrocardiogram of rats after modeling, it was 
confirmed that the myocardial infarction model of rats was 
successfully prepared. The rats were sacrificed 24 h after 
modeling, and blood and myocardial tissues were collected.

HE staining

To observe the myocardial tissue histological changes, 
hematoxylin and eosin (HE) staining was conducted. The 
collected tissues were incubated in formaldehyde (10%). 
Next, gradient ethanol dehydration, paraffin embedding, 
slicing, and HE staining were performed. The images were 
taken with a light microscope (Leica, Germany).

Masson’s trichrome staining

The heart tissues were dehydrated with sucrose solution 
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(30%). The tissues were then embedded with Tissue-
Tek (Sakura Finetek USA, Inc., USA), and sliced (7 µm). 
Masson’s Trichrome Stain kit (Solarbio, China) was used to 
stain the infarction area. The Masson positive area was red 
and the collagen fibers were blue. The images were taken 
by a light microscope (Leica, Germany).

Apoptosis staining

To detect the apoptotic cells in the myocardial tissues, 
TUNEL staining was conducted in accordance with the 
manufacturer’s protocol. The TUNEL kit was purchased 
from Beyotime (China). The tissues were sliced and the 
sections were dehydrated by gradient ethanol. Next, 
the slices were incubated with Triton X-100 (10%) for  
1 hour at 37 ℃, and TUNEL reaction reagent was added. 
4’,6-diamidino-2-phenylindole was used to incubate the 
slices for 3–5 min at room temperature. After washing the 
slices, the TUNEL stain images were taken by an inverted 
fluorescence microscope (Leica, German). 

HL-1 cell culture

The HL-1 cell is a cell line that originated from a mouse 
atria cell. This cell line was bought from Zeye Biotech 
(Shanghai, China). The HL-1 cells were maintained 
in Roswell Park Memorial Institute (RPMI)-1640 to 
which fetal bovine serum (10%, Gibco) and penicillin-
streptomycin (1%, Beyotime) were added. The cells were 
cultured in an incubator under constant humidity (37 ℃, 5% 
carbon dioxide). The concentration of DSS in DSS-L group 
and DSS-H group were 5 μmol/mL and 10 μmol/mL,  
respectively. 

Cell viability detection

To detect the cell viability of the HL-1 cells in vitro, a cell 
counting kit-8 (CCK-8) assay was used (Beyotime). On the 
3rd day after seeding the cells into the culture wells, 10 μL of 
CCK-8 solution was added to the wells and incubated with 
the cells for 2 h at 37 ℃. Next, the culture plates were put 
into the microplate reader, and the optical density of the 
each well at 450 nm was recorded. 

Calcein-AM/PI viable and dead cells detection

The viable and dead cells were detected using a Calcein-
Methyl 4-acetoxybenzoate (Calcein-AM)/Prodium Iodide 

(PI) kit (YEASEN, China). The staining was conducted in 
accordance with the manufacturer’s protocol. Briefly, the 
cells were collected, and the supernatant was discarded. After 
being rinsed with assay buffer 3 times, the staining reagent 
(100 μL) was added to the cell mixture and incubated for 
15 min at 37 ℃. Next, the cell images were taken with an 
inverted fluorescence microscope (Leica, German).

Annexin V-FITC, JC-1, and ROS flow cytometry apoptosis 
detection

The percentage of apoptotic cells was detected by annexin 
V-fluorescein isothiocyanate (FITC) flow cytometry assays. 
An annexin V-FITC assay kit was obtained from Beyotime 
(Shanghai, China). The cells were collected, and the culture 
medium was discarded after centrifugation. Annexin V-FITC 
binding reagent (195 μL) was used to incubate the cells. 
Annexin V-FITC (5 μL) and propidium iodide (5 μL) were 
added to the mixture, which was incubated for 20 min in ice. 
Next, the cells were analyzed by flow cytometry. Similarly, a 
JC-1 kit (Beyotime, Shanghai, China) was used to detect the 
mitochondrial membrane potential. The level of intracellular 
ROS was determined by ROS flow cytometry assays.

EGC

The electrocardiogram (ECG) recording was conducted as 
previously reported (14). The electrodes were clamped to 
the right anterior and superior, left anterior, and inferior 
skin of the chest. The electrodes were then connected to 
BL-420N Biological function experimental system (Luo 
Yu Biological Technology Co., LTD). The ECGs were 
recorded.

TTC staining

To detect the infarction area of the myocardial tissues, 
triphenyl tetrazolium chloride (TTC) staining was 
conducted as previously reported (15). The hearts of the 
rats were resected and collected. The myocardial tissues 
were sliced into 1 mm. TTC (1%) was applied, and the 
slices were incubated for 20 mins at 37 ℃. Next, the slices 
were fixed with formalin (10%) for 12 hour at 4 ℃. The 
images were then taken and analyzed.

Western blotting

To detect the protein expression of NRF2, Histone 3 
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(H3), β-acting, HO-1, kelch like ECH associated protein 
1 (Keap1), Bax B-Cell CLL/Lymphoma 2 (Bcl-2), Bcl2 
associated X, apoptosis regulator (Bax) and cleaved caspase 
3 in the myocardial tissues and cultured HL-1 cells, western 
blotting was conducted as previously reported (16,17). 
The tissues and cells were collected and the total proteins 
were extracted with radioimmunoprecipitation assay 
buffer. The protein concentrations of the samples were 
determined by a bicinchoninic acid kit (Thermo Fisher). 
The samples were loaded separately with sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). 
The proteins of the PAGE were the transferred onto the 
polyvinylidene fluoride membranes. After blocking, the 
primary antibodies [NRF2 (1:500), H3 (1:2,000), β-actin 
(1:1,000), HO-1 (1:500), Keap1 (1:1,000), Bax (1:500), Bcl-
2 (1:1,000), and cleaved caspase3 (1:2,000)] and horseradish 
peroxidase-conjugated secondary antibody (1:1,000, 
Abcam, USA). An Enhanced Chemiluminescent (ECL) kit 
(Beyotime) was used to visualize the blots.

ELISA assay, MDA, SOD and GSH detection 

The levels of cardiac troponin I (CTnI) (My Biosource Co, 
USA), creatine kinase-MB (CK-MB) (Roche Diagnostic, 
Germany), lactate dehydrogenase (LDH) (My Biosource 
Co, USA), SOD, and GSH in the serum of the rats and 
the culture medium were detected by enzyme-linked 
immunoassay (ELISA) assay. MDAMDA was detected by 
a lipid peroxidation MDAMDA assay kit (Sigma-Aldrich, 
Germany). The levels of SOD and GSH were detected by 
kits from Nanjing Jiancheng (China).

Statistical analysis

EXCEL was used to record the collected data. The 
statistical analysis was conducted with Graphpad Prism 6.0. 
The differences between two groups were analyzed with the 
Student’s t-test. The differences between three groups were 
analyzed with a one-way analysis of variance, followed by 
a Turkey assay. A P value <0.05 was considered statistically 
significant. 

Results

The treatment effect of DSS on MI

To detect the treatment effect of DSS on MI, we first 
established a rat MI model. To confirm the successful 

establishment of the model, rat ECGs were performed. 
The condition of the rats in the different groups before 
the experiments was all the same. As Figure 1A shows, the 
ECG waveform of the Sham group was normal, while the 
ST segment was greatly elevated in the MI group. The data 
confirmed the establishment of a rat MI model that could 
be applied in the subsequent experiments. 

Next, we detected the treatment effect of DSS on MI. 
The infarction area was large in the MI group, while there 
was no infarction area in the Sham group. DSS treatment 
decreased the infarction area in a dosage dependent manner, 
such that a high dose of DSS had a better treatment 
effect (Figure 1B). In relation to the HE stains, we found 
normal myocardial fibers in the Sham group, but evidently 
swollen and disordered myocardial fibers in the MI group, 
indicating myocardial cell apoptosis (Figure 1C).

TUNEL staining was then conducted to examine the 
apoptotic status of the myocardial tissues. The TUNEL 
positive area was evidently more increased in the MI group 
than the Sham group. The application of DSS (at low and 
high dosages) evidently decreased the TUNEL positive 
area (Figure 1D). Further, myocardial fibrosis was evidently 
promoted in the tissue surrounding the infarct area, and 
myocardial fibrosis was inhibited by DSS in a dose dependent 
manner (Figure 1E). These results indicate that DSS can 
decrease the infarction area by inhibiting apoptosis.

DSS decreases hematological indexes, inhibits the caspase-3 
apoptosis pathway, and regulates the NRF2/HO-1 axis

To further clarify the treatment effect and mechanism, the 
hematological indexes, including CTnI, CK-MB, LDH, 
MDA, SOD, and GSH, were detected. Compared to the 
Sham group, the serum levels of CTnI, CK-MB, LDH, and 
MDAMDA were greatly increased in the MI group, while 
the serum levels of SOD and GSH were evidently decreased. 
The application of DSS evidently reversed the effect of MI 
in the levels of these hematological indexes (Table 1).

To clarify the mechanism of DSS in treating MI, the 
expression of key genes in the NRF2/HO-1 pathway was 
detected in the myocardial tissues. As Figure 2A,2B show, 
the nuclear NRF2 was more increased in the MI group than 
the Sham group. The application of DSS promoted the 
nuclear translocation of NRF2 in a dose dependent manner. 
The expression of Keap1 was more decreased in the MI 
group than the Sham group. The treatment of DSS further 
decreased the expression of Keap1 in a dose dependent 
manner. Additionally, DSS inhibited the caspase-3 apoptosis 
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pathway by promoting the expression of Bcl-2 and inhibiting 
the expression of Bax and cleaved-caspase-3. These data 
confirm the role of DSS in regulating the NRF2/HO-1 axis 
and caspase-3 pathway.

DSS protects myocardial cells in the OGD condition

To further examine the protective role of DSS in myocardial 

ischemia (I/S) injury, HL-1 myocardial cells were cultured 
under an oxygen glucose deprivation (OGD) condition 
and low and high doses of DSS were administered to 
treat myocardial cells. As Figure 3A shows, OGD greatly 
inhibited cell viability, while DSS treatment evidently 
promoted cell viability in a dose dependent manner. 
Compared to the Control group, OGD greatly increased 
the percentage of apoptotic cells, while DSS evidently 
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Table 1 The level of CTnI, LDH, CK-MB, MDA, SOD and GSH in rat

Group CTnI (ng/mL) LDH (U/L) CK-MB (U/L) MDA (μmol/mg protein) SOD (U/mg protein) GSH (U/g protein)

Sham 10.7±2.3 197.8±26.3 428.5±79.4 3.1±0.3 34.8±3.9 0.93±0.10

MI 31.4±4.0 394.2±35.1 1,001.5±114.0 13.1±2.0 20.6±2.6 0.48±0.06

MI + DSS-L 25.2±4.8 341.6±36.9 810.4±125.9 10.1±1.9 24.1±3.0 0.59±0.06

MI + DSS-H 19.6±5.7 296.9±23.8 670.1±103.4 8.0±2.1 27.5±3.5 0.74±0.07

CTnI, cardiac troponin I; LDH, lactate dehydrogenase; CK-MB, creatine kinase-MB; MDA, malondialdehyde, SOD, superoxide dismutase; 
GSH, glutathione; DSS, 3'-daidzein sodium sulfonate; L, low concentration; H, high concentration; MI, myocardial infarction 
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decreased the percentage of apoptotic cells (Figure 3B). 
Calcein-AM/PI staining also showed that the death cell 
number was more increased in the OGD group than the 
Control group, and the death cell number was reduced in 
DSS-L and DSS-H groups compared to the OGD group 
(Figure 3C).

The decrease of mitochondrial membrane potential is a 
landmark event in the early stage of apoptosis. As the JC-1 

flow cytometry assay showed, the mitochondrial membrane 
potential depolarization was significantly more increased in 
the OGD group than the Control group. The application 
of DSS significantly reduced the mitochondrial membrane 
potential depolarization (Figure 3D). The dysfunction 
of mitochondria induced by OGD could trigger the 
production of ROS in cultured HL-1 cells. As Figure 3E and 
Figure 3F show, fluorescence intensity was greatly induced 
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Figure 2 DSS decreases hematological indexes, inhibits the caspase-3 apoptosis pathway, and regulates the NRF2/HO-1 axis. (A) The 
protein expression of Sham, MI, MI + DSS-L, and MI + DSS-H groups detected by Western Blotting; (B) the histogram of these proteins (MI 
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Figure 3 DSS protects myocardial cells in the OGD condition. (A) The cell viability detected by CCK-8; (B) the apoptotic cell percentage 
detected by Annexin V-FITC flow cytometry; (C) the death cell staining by Calcein-AM/PI; (D) the mitochondrial membrane potential 
depolarization detected by JC-1 flow cytometry; ROS detection by flow cytometry (E) and fluorescence staining (F) (n=4, OGD vs. Control, 
**P<0.01; DSS-L and DSS-H vs. Control, #P<0.05, ##P<0.01). DSS, 3'-daidzein sodium sulfonate; OGD, Oxygen Glucose Deprivation; 
CCK-8, Cell Counting Kit-8; Calcein-AM/PI, Calcein-Methyl 4-acetoxybenzoate/Prodium Iodide; ROS, reactive oxygen species; L, low 
concentration; H, high concentration. 
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by OGD. The promotive role of OGD was evidently 
inhibited by DSS treatment in a dose dependent manner. 
As Table 2 shows, the level of MDA was significantly more 
increased in the OGD group than the Control group. The 
application of DSS decreased the level of MDA more than 
the OGD group. These results confirm the cytoprotective 
role of DSS on myocardial cells in OGD insulation.

DSS decreases SOD and MDA levels, inhibits the caspase-3 
apoptosis pathway, and regulates the NRF2/HO-1 axis in 
vitro

We also examined whether DSS could regulate the 
caspase-3 apoptosis pathway and NRF2/HO-1 axis in vitro. 
To clarify the regulation mechanism of DSS in cultured 
myocardial cells, the expression of key genes in the NRF2/
HO-1 pathway was detected. As Figure 4A and Figure 4B 
show, the NRF2 was more increased in the OGD group 
than the Control group. The application of DSS promoted 
the nuclear translocation of the NRF2 in a dose dependent 
manner. The expression of Keap1 was more decreased in 
the OGD group than the Control group. The treatment 
of DSS further decreased the expression of Keap1 in a dose 
dependent manner. Further, DSS inhibited the caspase-3 
apoptosis pathway by promoting the expression of Bcl-2 
and inhibiting the expression of Bax and cleaved-caspase-3. 
These data confirm the role of DSS in regulating the 
NRF2/HO-1 axis and caspase-3 pathway in vitro.

The NRF2/HO-1 axis is the main pathway involved in the 
protection of DSS in myocardial cells

We confirmed the protective role and the NRF2/HO-1 axis 
regulation role of DSS. However, we also sought to examine 
the role of DSS via the NRF2/HO-1 axis. Thus, we applied 
an NRF2 blocker, ML385, to inhibit the NRF2/HO-1 axis. 
As Figure 5A shows, the cell viability was evidently more 
inhibited in the OGD group than the Control group. This 
inhibitive role was greatly reduced by DSS. However, 

ML385 greatly inhibited the promotive role of DSS. The 
percentage of apoptotic cells was more increased in the 
OGD group than the Control group. This increase was 
restrained by DSS treatment. However, ML385 evidently 
inhibited the treatment role of DSS (Figure 5B). Calcein-
AM/PI staining also showed that ML385 significantly 
inhibited the cyto-protective role of DSS (Figure 5C). 
The JC-1 flow cytometry assay showed the mitochondrial 
membrane potential depolarization was reduced by DSS, 
and this reduction was inhibited by ML385 (Figure 5D). 
The production of ROS was also reduced by DSS, but 
ML385 blocked this reduction (Figure 5E,5F). Further, the 
level of MDA, which was inhibited by DSS, was promoted 
by ML385, while the level of SOD, which was promoted by 
DSS, was inhibited by ML385 (Table 3).

To verify whether the key genes in the caspase-3 
apoptosis pathway and NRF2/HO-1 axis were inhibited 
by ML385, we detected the protein expression of NRF2, 
Keap1, HO-1, Bax, Bcl-2, and cleaved-caspase-3. The 
expression of NRF2 in cell nucleus was more increased in 
the DSS-H group than the OGD group, while ML385 
greatly inhibited the role of DSS. The expression trend of 
NRF2 in the cytoplasm was opposite to that in cell nucleus. 
The expression of HO-1 and Heap1 in DSS-L and DSS-H 
groups was more promoted and inhibited compared to 
the OGD group. Similarly, DSS promoted Bcl-2 and 
inhibited Bax and cleaved-caspase-3 expression. However, 
the application of ML385 reversed the role of DSS  
(Figure 6A,6B). These results indicate that the NRF2/HO-1 
axis is the key pathway involved in the protection of DSS in 
myocardial cells.

Discussion

After MI, cardiac function is permanently reduced due to 
the non-regeneration of myocardial cells (18). Thus, the 
protection of myocardial cell apoptosis under ischemia 
and hypoxia exposure is of great clinical significance in the 
treatment of MI (19,20). Since natural plant ingredients 

Table 2 The level of MDA and SOD in cultured cells

Indicator Ctrl OGD OGD + DSS-L OGD + DSS-H

MDA (μmol/mg p) 2.6±0.7 14.2±1.4 10.7±1.5 7.1±1.6

SOD (U/mg p) 130.5±18.8 58.5±9.8 74.4±12.1 109.3±15.0

MDA, malondialdehyde; SOD, superoxide dismutase; OGD, oxygen glucose deprivation; DSS, 3'-daidzein sodium sulfonate; L, low 
concentration; H, high concentration.
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Figure 4 DSS decreases SOD and MDA levels, inhibits the caspase-3 apoptosis pathway, and regulates the NRF2/HO-1 axis in vitro. (A) 
The protein expression of the Control, OGD, OGD + DSS-L and OGD + DSS-H groups detected by Western Blotting; (B) the histogram 
of these proteins (n=4, OGD vs. Control, *P<0.05, **P<0.01; DSS-L and DSS-H vs. OGD, #P<0.05, ##P<0.01). DSS, 3'-daidzein sodium 
sulfonate; OGD, oxygen glucose deprivation; SOD, Superoxide dismutase; MDA, malondialdehyde; NRF2, nuclear factor erythroid 2-related 
factor 2; HO-1, Heme Oxygenase 1; L, low concentration; H, high concentration.
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have few side effects, it is of great significance to discover 
therapeutic drugs for the clinical treatment of MI. DSS is 
a new water-soluble compound synthesized from daidzein 
derived from Pueraria root. DSS has been shown to reduce 
brain edema, improve mitochondrial function, and inhibit 

the expression of inflammatory factors in brain tissue and 
nerve cell apoptosis. DSS can repair cerebral ischemia-
reperfusion injury (12). In this study, we investigated the 
therapeutic effect of DSS on MI rats.

After MI, myocardial fibers become swollen and 
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Figure 5 The NRF2/HO-1 axis is the main pathway involved in the protection of DSS in myocardial cells. (A) The cell viability detected 
by CCK-8; (B) the apoptotic cell percentage detected by Annexin V-FITC flow cytometry; (C) the death cell staining by Calcein-AM/
PI; (D) the mitochondrial membrane potential depolarization detected by JC-1 flow cytometry; ROS detection by flow cytometry (E) and 
fluorescence staining (F) (n=4, OGD vs. Control, **P<0.01; DSS-H vs. OGD, ##P<0.01; DSS-H + ML385 vs. DSS-H groups, &&P<0.01). 
DSS, 3'-daidzein sodium sulfonate; OGD, oxygen glucose deprivation; NRF2, nuclear factor erythroid 2-related factor 2; HO-1, Heme 
Oxygenase 1; Calcein-AM/PI, Calcein-Methyl 4-acetoxybenzoate/Prodium Iodide; ROS, reactive oxygen species; L, low concentration; H, 
high concentration.
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Table 3 The level of MDA and SOD in cultured cells

Indicator Ctrl OGD OGD + DSS-H OGD + DSS-H + ML385

MDA (μmol/mg p) 2.9±1.5 14.7±1.1 7.4±1.0 11.9±1.7

SOD (U/mg p) 125.3±19.8 54.6±9.3 102.0±6.9 68.8±9.4

MDA, malondialdehyde; SOD, superoxide dismutase; OGD, oxygen glucose deprivation; DSS, 3'-daidzein sodium sulfonate; L, low 
concentration; H, high concentration.

disorganized, and are infiltrated by inflammatory cells. 
A large number of cardiomyocytes undergo apoptosis. 
Apoptotic cardiomyocytes are replaced by fibroblasts 
and cardiac remodeling occurs, which eventually causes a 
permanent decline in heart function. In this study, we found 
that DSS acted in a dose-dependent manner to reduce 
myocardial apoptosis and the fibroblast area after MI. The 
detection of MI markers and oxidative stress indicators 
showed that DSS significantly reduced the levels of CTnI, 
LDH, CK-MB, and MDA, while restoring the expression 
levels of SOD and GSH. These results suggest that the 
therapeutic effect of DSS may be due to its ability to 
regulate cardiomyocytes to resist oxidative stress.

We then examined gene expression in the signaling 
pathways associated with oxidative stress (NRF2/HO-1) 
and apoptosis (caspase-3). The NRF-2/HO-1 pathway has 
been proven to play anti-oxidant, anti-apoptotic, and anti-
inflammatory roles in cell protection (21,22). The activation 
of NRF-2/HO-1 has been shown to reduce cardiac injury (23).  
In this study, we found that DSS promoted the nuclear 
transfer of NRF-2. Keap1 is an E3 ligase, which induces the 
degradation of NRF2 by the ubiquitin-proteasome system. 
We also found the expression of Keap-1 was inhibited 
after DSS treatment. Thus, the upregulation of nuclear  
NRF-2 could be the result of Keap-1 downregulation. 
The pro-apoptosis genes, Bax and cleaved-caspase-3, were 
evidently inhibited by DSS, while the anti-apoptosis gene, 
Bcl-2, was greatly promoted by DSS. Thus, we found that 
DSS regulated the NRF/HO-1 pathway and protected 
myocardial tissues in MI rats.

Cardiomyocytes are the most overworked cells in the 
body, as the heart needs to beat all the time. Thus, the 
number of mitochondria in cardiomyocytes has to be very 
large to meet the energy requirements of cardiomyocytes. 
However, under the condition of myocardial ischemia and 
hypoxia, the mitochondrial function of myocardial cells is 
impaired, which directly affects cardiac function (24). To 
verify the mechanism of DSS on MI, myocardial cells, HL-1 

cells, were cultured in an OGD condition. We found that 
DSS restored cell viability and reduced the apoptotic cell 
percentage. Our in vivo experiments showed that oxidative 
stress levels, as verified by MDA, SOD, and GSH detection, 
in the serum of rats were elevated; thus, we hypothesized 
that DSS modulates the oxidative stress response of 
cardiomyocytes by protecting mitochondria. We found 
the mitochondrial membrane potential depolarization was 
greatly decreased by DSS. The production of ROS was also 
greatly reduced by DSS. DSS also inhibited and promoted 
the level of MDAMDA and SOD, respectively. 

To verify the oxidative stress regulation mechanism 
of DSS, we used the NRF-2 inhibitor, ML385, to block 
the NRF-2/HO-1 pathway. We found that DSS had a 
treatment role in cell viability, such that the apoptosis 
and the oxidative stress of myocardial cells were greatly 
restrained by ML385. The NRF-2, HO-1, was greatly 
reduced by DSS, while the expression of Keap-1 was 
reduced by DSS. Further, the pro-apoptotic proteins, Bax 
and cleaved-caspase-3, and the anti-apoptotic protein,  
Bcl-2, were reduced and promoted by DSS, respectively. 
The pathway regulation role of DSS was greatly reversed 
by ML385. Thus, we concluded that NRF-2/HO-1 is the 
key pathway by which DSS treats MI.

In conclusion, in this study, we first examined the 
treatment role of DSS in MI, and found that DSS inhibited 
myocardial cell apoptosis and oxidative stress in MI rats. 
Further, our in vitro experiments confirmed the protective 
role of DSS in OGD-treated cells. The NRF-2/HO-1 
pathway was verified to be the key pathway by which 
DSS protected myocardial cells. This study verified the 
application role of DSS in MI. This drug could be a novel 
therapeutic choice for treating MI.
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Figure 6 The NRF2/HO-1 axis is the main pathway involved in the protection of DSS in myocardial cells. (A) The protein expression 
of the Control, OGD, OGD + DSS-H, and OGD + DSS-H + ML385 groups detected by Western Blotting; (B) the histogram of these 
proteins (n=4, OGD vs. Control, **P<0.01; DSS-H vs. OGD, ##P<0.01; DSS-H + ML385 vs. DSS-H groups, &&P<0.01). DSS, 3'-daidzein 
sodium sulfonate; OGD, oxygen glucose deprivation; NRF2, nuclear factor erythroid 2-related factor 2; HO-1, Heme Oxygenase 1; L, low 
concentration; H, high concentration.
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